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Introduction {#sec001}
============

Obesity is becoming increasingly prevalent in the world and it causes a variety of health problems, such as insulin resistance, dyslipidemia, hypertension and chronic inflammation, all of which contribute to high rates of mortality and morbidity \[[@pone.0119350.ref001],[@pone.0119350.ref002]\]. The basic characteristics of obesity are considered as excessive adipose tissue accumulation. There are two main types of adipose tissue in mammals: white adipose tissue (WAT) and brown adipose tissue (BAT), both of which have different physiological roles and can be distinguished by their morphology and metabolic features. WAT mainly acts as a fat reservoir and an endocrine organ in energy homeostasis. As compared with WAT, BAT plays a prominent part in energy expenditure and heat production. BAT is rich in blood vessels and made up of cells that contain numerous mitochondria \[[@pone.0119350.ref003]\]. The mitochondria, marking the major features of BAT, exert uncoupling of oxidative phosphorylation from ATP synthesis, then convert energy into heat. This process is mainly mediated by UCP1, expressed in the inner membrane of mitochondria of brown adipocytes \[[@pone.0119350.ref004]\]. It was ever thought that BAT mainly existed in small mammals and human neonates for non-shivering thermogenesis. However, several studies have observed that functional BAT existed in healthy human adults and its activity was decreased when men became overweight or obese \[[@pone.0119350.ref005],[@pone.0119350.ref006],[@pone.0119350.ref007],[@pone.0119350.ref008],[@pone.0119350.ref009]\]. Thus, further study of the pathophysiology of BAT might discover promising targets for the treatment of obesity.

For comprehensive understanding the role of adipose tissue in obesity, a few attempts have been made to reveal WAT or BAT proteomics and have identified some essential regulators involved in obesity. Schmid and coworkers have taken a proteomic study by two-dimensional gel electrophoresis (2-DE) coupled with tandem mass spectrometry in BAT of C57BL/6 mice. They identified 12 significantly different proteins between obese and lean mice, while several proteins belonged to the pathway of stress and redox \[[@pone.0119350.ref010]\]. Using 2-DE and MALDI-TOF-MS, Okita and colleagues performed a study to compare the expression of proteins between caloric restriction group and control group in WAT and BAT of rats. They found 7 and 9 differentially regulated proteins in WAT and BAT respectively. In addition, ATP-citrate synthase (ACLY), as a primary enzyme involved in lipogenesis, was up-regulated by caloric restriction. It demonstrated that caloric restriction might change the activity of enzymes associated with energy metabolism \[[@pone.0119350.ref011]\]. With the same approach, Joo and colleagues identified 60 and 70 differentially expressed proteins in BAT and WAT respectively. They revealed that the expression of several thermogenic enzymes and lipogenic enzymes were varied in adipose tissues of obese prone and obese resistant rats \[[@pone.0119350.ref012]\].

Despite the success of studies mentioned above, molecular mechanisms, particularly the role of BAT, related to obesity remain to be elucidated. In recent years, with the development of proteomic technology, high-resolution and high-throughput mass spectrometry was used to identify and quantify proteome of different tissues or cells \[[@pone.0119350.ref013],[@pone.0119350.ref014],[@pone.0119350.ref015]\]. Therefore, to understand the function of BAT in obesity, we performed comparative proteome analysis of BAT between obese and normal female mice using iTRAQ-coupled 2D LC-MS/MS.

Materials and Methods {#sec002}
=====================

Animals {#sec003}
-------

All animals were handled according to the Standards for Laboratory Animals (GB14925-2001) and the Guideline on the Humane Treatment of Laboratory Animals (MOST 2006a) established by the People's Republic of China. The two guidelines were conducted in adherence to the regulations of Institutional Animal Care and Use Committee (IACUC) and all animal procedures were approved by IACUC (approval number: SCXKBeijing- 2009-0004). All efforts were made to minimize suffering. Six- to eight-week-old female C57BL/6J mice were purchased from HFK Bioscience Laboratories (Beijing, China). All mice were maintained under SPF conditions and 12h light/dark cycle at 23±2°C, with free access to water and diet. Mice were divided into two groups: one was fed standard chow (SC; 10% lipids) diet and another group was fed high-fat (HF; 45% lipids) diet for 22 weeks. Food and water intake for 24 hours and body weight (once per week) were dynamically monitored.

Oral glucose tolerance test (OGTT) and hyperinsulinemic-euglycemic clamp {#sec004}
------------------------------------------------------------------------

For OGTT, 5 h fasted mice were given glucose (2.0 g/kg body weight, I.G.). Blood from the tail (10 μL) was taken every 30 min (0 min to 120 min after glucose was given). Blood glucose concentrations were measured by glucose oxidase method \[[@pone.0119350.ref010]\]. Plasma levels of total cholesterol (TC) and triglyceride (TG) were tested by enzymic method (Biosino bio-technology & science Inc, China). Hyperinsulinemic-euglycemic clamp studies were performed at 22 weeks. With overnight fasted, mice were anesthetized with 80 mg/kg pentobarbital sodium, and inserted a single implantation tubing into the right jugular vein for infusion of insulin or glucose. Mice were placed on their back on a warming surface (37°C) platform during clamp. After the adaptation period, hyperinsulinemic-euglycemic clamp was conducted and lasted for 120 min. Indwelling catheter infused with constant rate of human insulin (20 mIU/kg/min) and variable rate of glucose solution (25%, w/v) to maintain blood glucose level at 5.5±0.5 mmol/L. The tail tips were cut off for testing blood glucose every 5 min. The insulin sensitivity was measured by glucose infusion rate (GIR) during the last 80 min \[[@pone.0119350.ref016]\]. At the end of the study, all of the mice were decapitated.

Preparation of BAT samples {#sec005}
--------------------------

Interscapular BAT of mice in ND group (n = 6) and HFD group (n = 6) were excised and washed with a cold saline solution. Two groups of BAT were snap frozen in liquid nitrogen and kept at -80°C until analysis. Tissues were cut into small pieces and lysed in buffer solution containing 7 M urea, 2 M thiourea, 65 mM DTE, 83 mM Tris (Sigma-Aldrich, St. Louis, MO, USA) and then homogenized with a homogenizer (IKA R104, Janke& Kunkel KG.IKA-werk, Germany) on ice. Extracts were centrifuged at 20 000 g for 10 min at 4°C, and the supernatant was then stored at -80°C. Protein content of adipose tissues was determined by the Bradford method with Bradford reagents (Thermo Fischer Scientific, USA).

Total BAT proteins of six mice fed ND were pooled at the same amount, and BAT proteins of six mice fed HFD were also pooled with the same method. Samples were processed through columns (micro Bio-spin, nanosep 10k omega; PALL, USA) according to the manufacturer's instructions. Each of the 3 samples (100 μg in total) in one group was deoxidized with 20 mM DTT, alkylated with 50 mM IAA and digested with trypsin. After digestion, peptides were desalted with HLB 3cc extraction cartridges (Oasis, Waters, Ireland), cleaned up with 500 μL 0.1% formic acid and eluded with 500 μl 100% ACN. Peptide elution was vacuum-dried and stored at -80°C.

iTRAQ labeling {#sec006}
--------------

BAT peptide samples were respectively labeled with iTRAQ reagent as follows: The digested ND samples were considered as internal standard. The internal standard and HFD samples were labeled by 114, 115 iTRAQ. Labeling was performed according to the manufacturer's protocol (ABsciex, Massachusetts, USA) \[[@pone.0119350.ref017]\]. The ND and HFD samples were mixed into one sample at the same amount and lyophilized.

LC-MS/MS {#sec007}
--------

The pooled mixture from labeled samples was first fractioned by high-pH RPLC column from Waters (4.6 mm×250 mm, C18, 3 μm). The samples were loaded onto the column in buffer A2 (pH = 10). The eluted gradient was 5--90% buffer B2 (90%ACN; pH = 10, flow rate, 1 mL/min) for 60 min. The eluted peptides were collected as a fraction per minute, and the 60 fractions were pooled into 20 samples. Each sample was analyzed by RP C18 self-packing capillary LC column (75 μm×100 mm, 3 μm). The eluted gradient was 5--30% buffer B1 (0.1% formic acid, 99.9% ACN; flow rate, 0.5 μL/ min) for 100 min. Triple TOF 5600 were used to analyze the sample. The MS data were acquired with high sensitivity mode using the following parameters: 30 data-dependent MS/MS scans per every full scan; full scans was acquired at resolution 40,000 and MS/MS scans at 20,000; 35% normalized collision energy, charge state screening (including precursors with +2 to +4 charge state) and dynamic exclusion (exclusion duration 15 s); MS/MS scan range was 100--1800 m/z and scan time was 100 ms.

Database search {#sec008}
---------------

The MS/MS spectra were respectively searched against the SwissProt mouse database from Uniprot website (<http://www.uniprot.org>) using Mascot software version 2.3.02 (Matrix Science, UK). Trypsin was chosen as cleavage specificity with a maximum number of allowed missed cleavages of two. Carbamidomethylation (C) and iTRAQ 4-plex label was set as a fixed modification. The searches were performed using a peptide and production tolerance of 0.05 Da. Scaffold was used to further filter the database search results by decoy database method. The following filter was used in this study, 1% false positive rate at protein level and each protein with 2 unique peptides. After filtering the results by above filter, the peptide abundances in different reporter ion channels of MS/MS scan were normalized. The protein abundance ratio was based on unique peptide results. Proteins of adipose tissue with a fold change \<1.5 were excluded, in order to reduce technical variability.

Gene Ontology (GO) functional analysis {#sec009}
--------------------------------------

All differential proteins identified by two approaches were assigned their gene symbol via the PANTHER database (Protein Analysis through Evolutionary Relationships, <http://www.pantherdb.org/>). Protein classification was performed based on their functional annotations using GO for cellular component, biological process, and molecular function. When more than one assignment was available, all of the functional annotations were considered in the results.

IPA network analysis {#sec010}
--------------------

All differential proteins were used for pathway analysis. For this purpose, the SwissProt accession numbers were inserted into the Ingenuity Pathway Analysis (IPA) software (Ingenuity Systems, Mountain View, CA). This software categorizes gene products based on the location of the protein within cellular components and suggests possible biochemical, biological and molecular functions. Furthermore, proteins were mapped to genetic networks available in the Ingenuity and other databases and ranked by score. These genetic networks describe functional relationships between gene products based on known interactions in literature. Through the IPA software, the newly formed networks were associated with known biological pathways.

Western blotting {#sec011}
----------------

BAT protein was lysed in buffer solution containing 7 M urea, 2 M thiourea, 65 mM DTE, 83 mM Tris (Sigma-Aldrich, St. Louis, MO, USA). Protein content of adipose tissues was determined by the Bradford method with Bradford reagents (Thermo Fischer Scientific, USA). Protein solution and loading buffer were mixed in proportion followed the instructions and boiled for 7 min. Equal amounts of proteins (25 μg) were then subjected to NuPAGE 4--12% Bis-Tris gel for electrophoresis and transferred to Polyvinylidene Fluoride Membranes (0.45 μm). Membranes were blocked with 5% nonfat dry milk in TBS (10 mM Tris-HCl, 150 mM NaCl, pH 7.6) for 1.5 h at room temperature. The membranes were probed with primary antibody overnight at 4°C. The antibodies were used as follows: anti-rabbit CPT2 (1:1000), AIF1 (1:500), UCP1 (1:300) (all Abcam, Cambridge, U.K.), anti-mouse β-actin (1:4000; Sigma--Aldrich, U.S.A). After washing with TBST, the membranes were incubated with HRP conjugated goat anti-rabbit IgG (1:5000; Earthox LLC., San Francisco, California, U.S.A) and anti-mouse IgG secondary antibody (1:3000; Cell Signaling Technology, Inc., Danvers, U.S.A), for 1.5 h at room temperature. After washing with TBST, the membranes were incubated with chemiluminescent HRP Substrate (Millipore Corporation, Billerica, U.S.A). Western blot was analyzed by scanning with LAS4000 (Fujifilm, Tokyo, Japan) and the data were analyzed using Image J software. β-actin was used as a normalization control. Duplicate experiments were carried out for all proteins.

Data analysis and statistics {#sec012}
----------------------------

Data derived from six mice in ND and HFD group were presented as mean ± SEM and were examined using Student's t-test. Differences with p values\<0.05 were considered to be statistically significant.

Results {#sec013}
=======

In our study, female C57BL/6J mice were fed normal diet (ND) or high-fat diet (HFD) start at 6--8 weeks of age. At 22 weeks, we applied OGTT and hyperinsulinemic-euglycemic clamp to assess glucose regulation states and insulin sensitivity in mice, respectively. Moreover, the levels of blood lipid were tested as evaluation indexes of metabolic state. In order to obtain the global proteome of BAT in obesity, we identified and quantified the expression of total proteins of BAT via iTRAQ-coupled 2D LC-MS/MS. Then we compared the differential expressed proteins between HFD group and ND group in BAT and furthermore, analyzed their functions. Finally, western blot analysis was performed to validate the variation of three key differential proteins ([Fig. 1](#pone.0119350.g001){ref-type="fig"}).

![Work flow of establishing obese mice model and proteomic analysis of BAT proteins.\
Female C57BL/6J mice were fed normal diet (ND) or high-fat diet (HFD) start at 6--8 weeks of age. Glucose tolerance test (OGTT) and hyperinsulinemic-euglycemic clamp were applied to assess the insulin sensitivity in mice after 22 weeks. The levels of blood lipid were tested as the auxiliary evaluation indexes of metabolic state. Proteins of BAT in ND and HFD group were quantified via iTRAQ-coupled 2D LC-MS/MS. After comparing the differential expressed proteins between HFD group and ND group, functional analysis of those differential proteins of BAT indicated the important role of BAT in obesity. Finally, western blot analysis was performed to validate the variation of three key differential proteins.](pone.0119350.g001){#pone.0119350.g001}

Weight gain, dyslipidemia, glucose intolerance and impaired insulin sensitivity induced by HFD {#sec014}
----------------------------------------------------------------------------------------------

C57BL/6J mice were fed HFD and ND respectively. At 22 weeks, body weight of mice fed HFD was significantly increased (35.5±0.99 g) as compared to the ND group (24.5 ± 0.39 g) ([Table 1](#pone.0119350.t001){ref-type="table"}; [Fig. 2A](#pone.0119350.g002){ref-type="fig"}), and gonadal WAT weight of HFD group per body weight was significantly higher than that of ND group ([Table 1](#pone.0119350.t001){ref-type="table"}). However, the interscapular BAT weight of HFD group per body weight was significantly lower than that of ND group ([Table 1](#pone.0119350.t001){ref-type="table"}). The plasma levels of TC and TG were strongly higher in HFD group ([Table 1](#pone.0119350.t001){ref-type="table"}).

![Body weight and metabolic status of mice were affected by HFD.\
HFD significantly altered the body weight (A), and induced glucose intolerance (B) in C57BL/6J mice. Black circle = Normal diet group, black squares = High-fat diet group. Data are mean ± SEM (n = 6), \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001.](pone.0119350.g002){#pone.0119350.g002}

10.1371/journal.pone.0119350.t001

###### Body weight, adipose tissue weight and metabolic profile of female C57BL/6J mice fed ND or HFD for 22 weeks (mean ± SEM).

![](pone.0119350.t001){#pone.0119350.t001g}

                                              ND             HFD            p-value
  ------------------------------------------- -------------- -------------- ---------
  Body weight (g)                             24.5±0.39      35.5±0.99      \<0.001
  WAT weight/ body weight (%)                 2.15±0.41      4.92±0.40      \<0.001
  BAT weight/ body weight (%)                 0.26±0.04      0.13±0.02      0.012
  Cholesterol (mg/dl)                         38.11±0.99     83.89±2.29     \<0.001
  Triglyceride (mg/dl)                        62.10±1.52     79.48±2.67     0.003
  Glucose infusion rate (mg·kg^−1^·min^−1^)   52.332±5.697   14.748±1.478   0.0014

For the preliminary assessment of glucose tolerance, OGTT was performed on the two groups of mice at 22 weeks, and the area under curve of blood glucose of HFD group (324.15±3.97 mg/dl·min) is much greater than that of ND group (249.04±7.53 mg/dl·min) (p\<0.001) ([Fig. 2B](#pone.0119350.g002){ref-type="fig"}).

Three days after OGTT, insulin sensitivity was measured by hyperinsulinemic-euglycemic clamp, which is the "gold standard" method for assessing insulin sensitivity in vivo. The mean of GIR during the last 80 min revealed that HFD decreased insulin sensitivity in mice significantly as compared to ND group ([Table 1](#pone.0119350.t001){ref-type="table"}). Thus, C57BL/6J mice were successfully led to obesity with impaired insulin sensitivity by HFD for 22 weeks.

Protein expression profiling of BAT in mice fed HFD or ND {#sec015}
---------------------------------------------------------

Using LC-MS/MS, we identified 3486 proteins in BAT as the following criteria were required in scaffold: two or more high confidence unique peptides had to be identified; false positive rate of the identification of protein or peptide was less than 1%. Among 3486 proteins in BAT, we quantified 3212 proteins across replicate experiments ([Table 2](#pone.0119350.t002){ref-type="table"}). In order to evaluate relative variability of two run assays with LC-MS/MS, we calculated the coefficient of variation (CV) for two runs. 88.5% of proteins, whose CV were ≤20%. To diminish technical error, proteins with CV \>20% were excluded ([S1](#pone.0119350.s001){ref-type="supplementary-material"}, [S2](#pone.0119350.s002){ref-type="supplementary-material"} Figs.). Finally, we obtained 2696 proteins in BAT. As compared HFD to ND, we obtained 727 differentially expressed proteins in BAT, since the fold change ≥1.5 (fold change is the ratio of intensity of protein expression in HFD to ND adipose tissue) was considered as a threshold to minimize biological and technical errors ([S3 Fig.](#pone.0119350.s003){ref-type="supplementary-material"}).

10.1371/journal.pone.0119350.t002

###### Amount of proteins, peptides and spectrums identified and quantified by LC-MS/MS in BAT from two run assays.

![](pone.0119350.t002){#pone.0119350.t002g}

              Qualitative   Quantitative                            
  ----------- ------------- -------------- -------- ------- ------- --------
  Proteins    3444          3458           3486     3125    3117    3212
  Peptides    21737         21630          25105    20579   20476   23821
  Spectrums   87190         86613          173803   85439   84062   169501

Comprehensive functional assessment of the quantified proteins {#sec016}
--------------------------------------------------------------

These differential proteins were preliminary analyzed according to GO database (<http://www.pantherdb.org/>). 34.3% of differential proteins were assigned to cell part. We also observed that HFD increased the expression of membrane proteins ([Fig. 3A](#pone.0119350.g003){ref-type="fig"}). The molecular function and biological process of the differentially expressed proteins were also annotated. 38.1% of differential proteins were assigned to catalytic activity in BAT and 11.5% of differential proteins involved in structural molecule activity were regulated ([Fig. 3B](#pone.0119350.g003){ref-type="fig"}). It indicated that BAT was rich in proteins which involved in catalytic activity and structural molecule activity, as compared BAT profile with whole genome. HFD increased the amount of proteins which were assigned to transporter activity. Moreover, the proportion of differentially expressed proteins (35.5%) involved in metabolic process was higher than which of total BAT proteins (33.1%) and whole genome profile (27.0%) ([Fig. 3C](#pone.0119350.g003){ref-type="fig"}). It suggested that HFD stimulated the activity of proteins that related to metabolism.

![Differential proteins between HFD and ND group in BAT were analyzed through the PANTHER classification system.\
(A) Cell Component of whole genome, BAT protein profile and the differentially expressed proteins in BAT. (B) Molecular Function assigned to whole genome, BAT protein profile and the differentially expressed proteins in BAT. (C) Biological processes assigned to whole genome, BAT protein profile and the differentially expressed proteins in BAT.](pone.0119350.g003){#pone.0119350.g003}

In addition, based on GO database, proteins which involved in metabolic process were classified into different groups. We found that proteins assigned to fatty acid metabolism were regulated significantly by HFD. Those proteins including long-chain-fatty-acid---CoA ligase 1 (ACSL1), long-chain fatty acid transport protein 1 (Slc27A1), Very long-chain acyl-CoA synthetase (Slc27A2), trifunctional enzyme subunit beta, mitochondrial (HADHB), Carnitine O-palmitoyltransferase 1b, mitochondrial (CPT1b) and isoforms Carnitine O-palmitoyltransferase 2, mitochondrial (CPT2) were up-regulated. On the other hand, proteins involved in fatty acid biosynthesis---ATP-citrate synthase (ACLY), acetyl-CoA carboxylase 1 (ACACA) and fatty acid synthase (FASN)---were down-regulated by HFD.

Enzymes for glucose metabolism in BAT were also altered significantly by HFD. The key enzymes, located in cytoplasm, involved in glycolysis, such as hexokinase-1 (HXK1) and 6-phosphofructokinase, muscle type (K6PF), were up-regulated. However, the rate-limiting enzymes related to tricarboxylic acid cycle (TCA cycle) in mitochondria, such as pyruvate dehydrogenase protein X component, mitochondrial (PDHX) and pyruvate dehydrogenase E1 component subunit beta, mitochondrial (PDHB) were down-regulated in BAT.

Furthermore, we applied Ingenuity Pathway Analysis (<http://www.ingenuity.com>) to analyze the function of proteins altered by HFD. Differentially expressed proteins in BAT were characterized, and the top five of statistically significant pathways were associated with metabolism ([Fig. 4](#pone.0119350.g004){ref-type="fig"}). In the pathway of mitochondrial dysfunction (-log (p value) was 28): uncoupling protein 1 (UCP1), involved in energy metabolism, was up-regulated in HFD group; apoptosis-inducing factor 1 (AIF1), voltage-dependent anion-selective channel protein (VDAC) and BCL2/adenovirus E1B 19 kDa protein-interacting protein 3 (BNIP3) were also up-regulated and related to mitochondria-mediated apoptosis\[[@pone.0119350.ref018],[@pone.0119350.ref019]\]; whereas Superoxide dismutase \[Cu-Zn\] (SOD1) and Glutathione peroxidase 1 (GPX1), involved in oxidative stress\[[@pone.0119350.ref020],[@pone.0119350.ref021]\], were down-regulated in HFD group.

![Ingenuity Pathway Analysis was performed to analyze the function of proteins altered by HFD.\
Differentially expressed proteins in BAT were characterized, and the top 5 of statistically significant pathways were exhibited.](pone.0119350.g004){#pone.0119350.g004}

Validation of proteomic data by western blotting {#sec017}
------------------------------------------------

On the basis of comprehensive functional analysis of differential expressed proteins, which involved in energy metabolism and function of mitochondria were significantly regulated. To further confirm our observations, western blotting analysis was performed for the three key potential proteins, including CPT2, UCP1 and AIF1 ([Fig. 5A, B](#pone.0119350.g005){ref-type="fig"}). All of those proteins were up-regulated by HFD, and the differences between two groups were statistically significant. As shown in [Table 3](#pone.0119350.t003){ref-type="table"}, the expression levels of three proteins were consistent with those of the LC-MS/MS study.

![Western blot analysis compared expression of CPT2, UCP1 and AIF1 in BAT between HFD and ND group.\
(A) Gel images of western blotting between HFD and ND group of six mice. (B) β-actin was used as a normalization control. Compared normalized density values from blots between HFD and ND group. \*\*p\<0.01.](pone.0119350.g005){#pone.0119350.g005}

10.1371/journal.pone.0119350.t003

###### Fold change of BAT proteins between HFD and ND group (mean ± SEM) measured by iTRAQ coupled with LC-MS/MS and western blotting (normalized to β-actin).

![](pone.0119350.t003){#pone.0119350.t003g}

  Protein   iTRAQ (HFD/ND)   Western blotting (HFD/ND)   
  --------- ---------------- --------------------------- --------
  CPT2      2.15±0.071       2.67±0.458                  0.002
  UCP1      3.75±0.071       2.57±0.432                  0.0005
  AIF1      1.65±0.071       2.25±0.439                  0.003

CPT2, Carnitine O-palmitoyltransferase 2; UCP1, uncoupling protein 1

AIF1, apoptosis-inducing factor 1.

Discussion {#sec018}
==========

Obesity is the imbalance of income and expenditure of energy. Adipose tissue plays a central role in the balance of energy metabolism. WAT mainly acts as a fat storage, prone to obesity, while BAT is a major organ that releases the energy through the heat production, against obesity. However, mechanisms of the development of obesity via dysfunction of BAT remain to be further researched. In our study, we developed the obese C57BL/6J mice model with metabolic disorder by HFD. For a large-scale exploration of variation in BAT proteome under the state of obesity, we performed a comparative analysis of the proteins expression profiles of BAT in mice fed HFD and ND by iTRAQ and 2D LC-MS/MS. High-resolution of LC-MS/MS provided us a higher-performance proteome map. Those differential expressed proteins indicated that disturbance of fatty acid metabolism and mitochondrial dysfunction might be involved in the pathophysiology of obesity.

HFD influenced fatty acid and glucose metabolism in BAT {#sec019}
-------------------------------------------------------

In current study, mice fed HFD were developed to hyperglycemia and hyperlipidemia. With LC-MS/MS, fatty acid metabolism in BAT, we found that HFD inhibited the fatty acid biosynthesis (ACACA, ACLY, FASN) in BAT. This was in agreement with the previous study \[[@pone.0119350.ref011]\]. Moreover, we found that the key enzymes for fatty acid β-oxidation, such as CPT1b and CPT2 were up-regulated in BAT. CPT1, located in the outer mitochondrial membrane, is the key enzyme for transport of long-chain fatty acids (LCFAs) into mitochondria \[[@pone.0119350.ref022]\]. It has been reported that CPT1a and CPT1b were important elements for regulation of energy homeostasis in heart and skeletal muscle \[[@pone.0119350.ref023]\]. CPT2, expressed in the inner mitochondrial membranes, functions as a transporter of LCFAs and convert it to acyl-CoAs. Evidence has shown that CPT2 deficiency caused myolysis attacks for the fact that skeletal muscle was provided energy mainly by LCFAs \[[@pone.0119350.ref022]\]. Thus, the up-regulated CPT1b and CPT2 indicated that HFD might increase the energy expenditure in BAT ([Fig. 6A](#pone.0119350.g006){ref-type="fig"}).

![Differential proteins in BAT were involved in several essential biological processes.\
(A) As compared HFD with ND group in BAT of mice, some differential proteins were key enzymes involved in glycolysis, tricarboxylic acid cycle, fatty acid biosynthesis and β-oxidation, and uncoupled respiration. Red and green circles with white fill represent up- and down-regulated proteins, respectively. CPT2, UCP1 were validated with western blot analysis. (ACACA, acetyl-CoA carboxylase 1; ACLY, ATP-citrate synthase; ACSL1, long-chain-fatty-acid---CoA ligase 1; CPT1b, Carnitine O-palmitoyltransferase 1b, mitochondrial; CPT2, isoforms Carnitine O-palmitoyltransferase 2, mitochondrial; FASN, fatty acid synthase; HADHB, trifunctional enzyme subunit beta, mitochondrial; HXK1, hexokinase-1; K6PF, 6-phosphofructokinase, muscle type; PDHB, pyruvate dehydrogenase E1 component subunit beta, mitochondrial; PDHX, pyruvate dehydrogenase protein X component, mitochondrial; Slc27A1, long-chain fatty acid transport protein 1; Slc27A2, very long-chain acyl-CoA synthetase; UCP1, uncoupling protein 1). (B) Compared HFD with ND group in BAT of mice, differential proteins which involved in oxidative stress and cell apoptosis were exhibited as a network. Disturbance of metabolism induces mitochondrial dysfunction, which will cause oxidative stress and cell apoptosis. Oxidative stress in turn will lead to mitochondrial dysfunction and then form a circle. AIF1 was validated with western blot analysis. (AIF1, apoptosis-inducing factor 1; BNIP3, BCL2/adenovirus E1B 19 kDa protein-interacting protein 3; GPX1, Glutathione peroxidase 1; ROS, reactive oxygen species; SOD1, Superoxide dismutase \[Cu-Zn\]; VDAC, voltage-dependent anion-selective channel protein).](pone.0119350.g006){#pone.0119350.g006}

For glucose metabolism, the regulation of associated key-enzymes was varied in BAT by HFD. The enzymes for glycolysis (HXK1, K6PF) located in cytoplasm were up-regulated, while the key enzymes associated with TCA cycle (PDHB, PDHX) in mitochondria were down-regulated \[[@pone.0119350.ref012]\]. It suggested that HFD might impair the glucose metabolism in mitochondria of BAT ([Fig. 6A](#pone.0119350.g006){ref-type="fig"}).

The study performed by Ho and colleagues \[[@pone.0119350.ref017]\], presented the correlation between fatty acid metabolism and glucose intolerance in prediabetic mice. They researched the different expressions of WAT membrane proteins between HFD group and control group in 2, 6 and 8 month with iTRAQ approach. The results showed that CPT1b was up-regulated in WAT by HFD, while CPT1a and CPT2 were unaffected. Similar to the study, we found that CPT1b was up-regulated in BAT, but we also identified the up-regulation of CPT2. As compared with Ho's study, it implied that, in BAT, CPT2 might have different reaction to HFD.

HFD affected energy metabolism in BAT {#sec020}
-------------------------------------

Mitochondria are the main organelles that produce energy in cells \[[@pone.0119350.ref024]\]. Energy metabolism is prominent in brown adipocytes, which are rich in mitochondria. UCP1 is mainly expressed in the mitochondria of BAT, and uncouples from ATP production in mitochondrial respiratory chain to dissipate energy. In adult human, BAT can be altered by variable factors, such as gender, year of age, body mass index, circumstance temperature and medicine \[[@pone.0119350.ref007],[@pone.0119350.ref009],[@pone.0119350.ref025],[@pone.0119350.ref026]\]. Recent evidences have showed that excess caloric intake increased the expression of UCP1 in BAT. As the extension of time with high-calorie diet, the relative level of UCP1 could reach a peak, and later it gradually declined \[[@pone.0119350.ref027]\]. Here, using iTRAQ coupled with 2D LC-MS/MS, we observed that UCP1 in BAT was up-regulated by HFD for 22 weeks in mice. Furthermore, we confirmed it with western blot analysis ([Fig. 5A, B](#pone.0119350.g005){ref-type="fig"}).

In Ho's study, they also observed the up-regulation of UCP1 in WAT. It is interesting that the fold change of UCP1 in 6 month was higher than that of 2 and 8 month. It indicated that, in our study, UCP1 in BAT reacted with a compensatory rise in HFD group at 22 weeks ([Fig. 6A](#pone.0119350.g006){ref-type="fig"}). Those protective proteins and relative actions mentioned above didn't resist the development of obesity, thus it implied that there might be some other factors contributing to the development of obesity.

HFD increased apoptosis of brown adipocytes {#sec021}
-------------------------------------------

HFD can induce obesity, which associated with hyperglycemia, hyperlipemia and impaired insulin sensitivity. Previous studies showed that long-term metabolic disorder affected the function of mitochondria, and decreased the activity of enzymatic antioxidant, such as SOD1 and GPX1 \[[@pone.0119350.ref028]\]. In addition, there were evidences revealed that increased BNIP3 was associated with the generation of reactive oxygen species (ROS) \[[@pone.0119350.ref029]\]. Thus, ROS would be overload produced and thereby causing oxidative stress, which led to apoptosis \[[@pone.0119350.ref030],[@pone.0119350.ref031]\]. Mitochondria play a key role in the process of oxidative stress and apoptosis pathways \[[@pone.0119350.ref032]\]. In those pathways, we identified the up-regulation of AIF1, VDAC and BNIP3 by accompanied with the down-regulation of SOD1 and GPX1 via LC-MS/MS ([Fig. 6B](#pone.0119350.g006){ref-type="fig"}).

AIF1 has oxidoreductase activity and acts as a caspase-independent mitochondrial effector of apoptotic cell death \[[@pone.0119350.ref018],[@pone.0119350.ref033]\]. Many laboratories have demonstrated that AIF, as a death effector, can transfer from mitochondrion to the nucleus to execute apoptosis with chromatin condensation and oligonucleosomal DNA fragmentation; while caspases can be inactive in this situation \[[@pone.0119350.ref018],[@pone.0119350.ref034],[@pone.0119350.ref035],[@pone.0119350.ref036],[@pone.0119350.ref037],[@pone.0119350.ref038]\]. VDAC, as a mitochondrial permeability transition pore (mPTP) component, is a protein forming the aqueous pore channel in the mitochondrial outer membrane \[[@pone.0119350.ref039]\]. VDAC1 plays a critical role in regulating mitochondrial Ca^2+^ homeostasis and energy metabolism \[[@pone.0119350.ref040]\]. In addition, VDAC2 and VDAC3 as well as VDAC1 also acts as a key point in apoptosis, involved in regulation of mitochondrial membrane permeability to balance the apoptosis and the release of AIF \[[@pone.0119350.ref041],[@pone.0119350.ref042],[@pone.0119350.ref043],[@pone.0119350.ref044],[@pone.0119350.ref045]\]. Besides, BNIP3 can regulate the opening of mPTP to mediate mitochondrial dysfunction and apoptosis \[[@pone.0119350.ref046],[@pone.0119350.ref047],[@pone.0119350.ref048]\].

In the present study, the down-regulation of SOD1 and GPX1 indicated that brown adipocytes in HFD group were suffered from oxidative stress. The increased AIF1, VDAC and BNIP3 revealed that high-fat diet might lead to the apoptosis of brown adipocytes. As expected, western blot analysis proved this hypothesis that AIF1 was unregulated by 2.25 times in HFD group ([Fig. 5A, B](#pone.0119350.g005){ref-type="fig"}).

As compared with Ho's study \[[@pone.0119350.ref017]\], they also identified and quantified AIF1 in membrane proteins of WAT. However, it was not up-regulated significantly. Combined with our results, those might explain that HFD induce the apoptosis of BAT, but not WAT. Thus, it is likely to explain that HFD led to the excessive accumulation of WAT, while decrease BAT mass, thereby inducing obesity.

Those discoveries were limited to the female, yet these may provide clues to the male. Cypess and coworkers identified BAT in adult human; in addition, they found that the prevalence of detectable BAT was higher in women, while the median mass and activity of BAT were similar in both genders \[[@pone.0119350.ref009]\]. Yang et al. reported that female and male mice had different response to HFD. Food intake and body composition were different between both sexes \[[@pone.0119350.ref049]\]. Thus, for reducing the influence of confounding factors, we selected only female mice in our study. Further study is required to elucidate whether there are differences between male and female mice in terms of the pathophysiology of BAT.

Conclusions {#sec022}
===========

In summary, female C57BL/6J mice were successfully induced to obesity and decreased insulin sensitivity by HFD for 22 weeks. We applied comparative proteomics to analyze the differential expression proteins in BAT of C57BL/6J mice fed HFD and ND. With iTRAQ-coupled 2D LC-MS/MS, we found that HFD not only inhibited glucose metabolism and the synthesis of fatty acid, but also activated the catabolism of fatty acid in BAT through the up-regulation of CPT2. Besides, HFD also activated the compensatory energy-consuming process for anti-obesity through the up-regulation of UCP1 in BAT. Above all, HFD might increase the apoptosis of brown adipocytes via a non-classical apoptotic pathway, including AIF1, to weaken its anti-obesity effect. Thus, attenuating the compensatory action of BAT might led to the proliferation of WAT and the reduction of BAT, thereby contributing to the development of obesity and impaired insulin sensitivity ([Fig. 7](#pone.0119350.g007){ref-type="fig"}). Further research on AIF1 and upstream mechanisms would illuminate the way of preservation, regeneration and activation of BAT. Moreover, study with multi-period and different degrees of obesity would be more helpful to reveal the targets which can resist the development of obesity and related complications. Thus, preventing the apoptosis of brown adipocytes might be an important clue to treat obesity.

![Proposed schematic diagram of BAT in obesity and impaired insulin sensitivity induced by HFD.\
It is likely that HFD activates the catabolism of fatty acid and the compensatory energy expenditure for anti-obesity through the up regulation of CPT2 and UCP1 in BAT, respectively. In addition, HFD also induces the apoptosis of brown adipocytes via the up regulation of AIF1, to weaken its anti-obesity effect. Attenuating compensatory action of BAT might cause imbalance of energy metabolism in BAT and WAT, and contribute to the development of obesity and impaired insulin resistance.](pone.0119350.g007){#pone.0119350.g007}
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###### The repeatability of experiments with LC-MS/MS was calculated.

To evaluate the repeatability of experiments with LC-MS/MS, the correlations of normalized intensity of quantitative proteins between two runs were calculated.

(TIF)

###### 

Click here for additional data file.

###### Distribution of the coefficient of variation (CV value) from two run assays in LC-MS/MS was exhibited.

In order to minish technical error, proteins whose CV value greater than 0.2 were excluded.

(TIF)

###### 

Click here for additional data file.

###### Distribution of ratios between HFD and ND on intensity of protein expression in BAT detected by LC-MS/MS.

Fold change greater than 1.5 was considered as a threshold to minimize biological and technical errors.

(TIF)

###### 

Click here for additional data file.

###### Scaffold report for proteins in BAT identified by iTRAQ coupled with 2D LC-MS/MS.

(XLSX)

###### 

Click here for additional data file.

###### Scaffold report for peptides in BAT identified by iTRAQ coupled with 2D LC-MS/MS.

(XLSX)

###### 

Click here for additional data file.
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